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Abstract 
The behaviour of fluids at mineral surfaces or in confined geometries (pores, fractures) typically differs from their 
bulk behaviour in many ways due to the effects of large internal surfaces and geometrical confinement. We 
summarize research performed on C-O-H fluids at nanoscale interfaces in materials of interest to the earth and 
material sciences (e.g., silica, alumina, zeolites, clays, rocks, etc.), emphasizing those techniques that assess 
microstructural modification and/or dynamical behaviour such as gravimetric analysis, small-angle (SANS) neutron 
scattering, and nuclear magnetic resonance (NMR). Molecular dynamics (MD) simulations will be described that 
provide atomistic characterization of interfacial and confined fluid behaviour as well as aid in the interpretation of the 
neutron scattering results. 
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1. Introduction 
     Hydrocarbons (e.g. CH4, C3H8), CO2, and aqueous solutions can occupy the pores or fractures of 
numerous types of complex heterogeneous Earth materials. Phase transitions (i.e., freezing and capillary 
condensation), sorption and wetting, and dynamical properties, including diffusion and relaxation, may be 
modified, with the strongest changes observed for pores ranging in size from <2 nm to 50 nm — the 
micro- and mesoporous regimes. A number of factors dictate how fluids, and with them reactants and 
products of intrapore transformations, migrate into and through nano-and microscale domains, wet, and 
ultimately adsorb and react with the solid surfaces. These include the size, shape, distribution, and 
interconnectedness of these confined geometries, the chemistry of the solid, the chemistry of the fluids, 
and their physical properties [1-3]. The dynamic behaviour of fluids and gases contained within solids is 
controlled by processes occurring at the interface between the various phases (e.g., water-water, water-
solute, water-volatile, water-solid, solute-solid, volatile-solid, etc.), as well as the rates of supply and 
removal of mobile constituents. There is general agreement that the collective structure and properties of 
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bulk fluids are altered by solid substrates, confinement between two mineral surfaces or in narrow pores 
due to the interplay of the intrinsic length scales of the fluid and the length scale due to confinement [4]. 
However, compared with the effort expended to study bulk fluids, a fundamental understanding of the 
thermodynamic, structural and dynamic properties of volatile C-H-O fluids in nano-confined geometries, 
and their influence on the properties of the porous solid, is much less evolved, particularly for natural 
mineral substrates. 
 
2. Approach 
Given the complexity of natural C-O-H-fluids and their role in mediating surface interactions and 
reactivity with mineral phases, there can be no doubt that a quantitative understanding is needed of 
molecular-level fluid properties and fluid interactions with solids. There is a wide spectrum of analytical 
approaches that can be brought to bear on fluid interactions with Earth materials and engineered proxies 
(Figure 1), including, but certainly not limited to gravimetry, vibrating tube densimetry, dynamic light 
scattering, IR, microscopy (e.g., electron; force), NMR, synchrotron-based X-rays, and neutron scattering 
and diffraction. When coupled with molecular simulation, this wide array of methods provides the means 
to which we can interrogate the structure and dynamics of fluids and their interactions with solids.  Each 
of these provides a unique window into the properties and behavior of fluids and their reactivity. The 
inherent advantage of using engineered proxies (like mesoporous silica) for Earth materials is two-fold: 
(a) the mathematical rendering of details of the solid structure for simulation purposes is more 
straightforward when using synthetic materials and (b) interpretation of experimental results is less 
cumbersome. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Examples of TEM (a-c, e,f) and SEM of nano-porous Earth (a-d)  and engineered silica materials (e-f).  
3. Silica-CO2 interactions 
      Neutrons can penetrate deep within a sample even if it is contained in a pressure vessel making them 
an ideal probe for comparing the properties of bulk fluids with those filling confined geometries [5]. 
Neutrons can be scattered either coherently or incoherently, thus providing opportunity for various kinds 
of analysis of both structural and dynamic molecular properties of confined liquids. Such analysis is    
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possible due to the fact that the wavelengths of thermal and cold neutrons are comparable with 
intermolecular distances in condensed phases, while the neutron energy can be tailored to probe both 
high- (collective and single-particle vibrational) and low-frequency (single-particle diffusive) motions in 
the system.   
 
    Here we show a comparison between high temperature-high pressure gravimetirc assessments of the 
sorption of CO2 in mesoporous silica with SANS results (Figure 2). Excess sorption isotherms of 
supercritical carbon dioxide in mesoporous CPG-10 silica glasses with nominal pore sizes of 7.5 nm and 
35 nm were measured gravimetrically at 35°C and 50°C and pressures of 0-200 bar [6]. Formation of 
broad maxima in the excess sorption was observed at fluid densities below the bulk critical density. 
Positive values of excess sorption were measured at bulk densities below 0.7 g/cm3 - i.e. the interfacial 
fluid is denser than the bulk fluid at low pressures. Zero and negative values were obtained at higher 
densities, i.e. the adsorbed fluid becomes equal to and eventually less dense than the corresponding bulk 
fluid. If normalized to the specific surface area (Figure 2, left panel), the excess sorption is higher for the 
35 nm pore size material, but the pore volume normalized excess sorption is higher for the 7.5 nm pore 
size material. With increasing pore width, the excess sorption peak position shifts to higher pressure. Both 
CPG-10 materials exhibit regions of constant mean pore fluid density as a function of bulk CO2 density at 
35°C, but not at 50°C. This region is located between the excess sorption peak maximum and the 
adsorption/depletion transition point. SANS experiments were conducted on CO2 in a silica aerogel very 
similar to the CPG (∼90% porosity; pore size ≈ 6-8 nm). Using the Adsorbed Phase Model - APM [6], 
SANS results (right panel) agree very closely to the gravimetric data providing further confidence that 
pore wall and confinement effects can have a profound impact on fluid-solid interactions [7].  Further, 
molecular dynamics simulations of Leonard-Jones fluids near solid interfaces and in nanopores indicate 
that, for weakly attractive solid-fluid interaction potentials, interfacial fluid depletion occurs at high bulk 
fluid density [8].  They ascribed this behavior to the combined effects of the surface field imposed by the 
solid and the missing neighbor effect of fluid molecules in the interfacial layer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. (left panel) Sorption isotherms at T = 35oC, normalized to the specific surface area. Sections of the isotherms 
in which the fluid-pore surface interactions appear to dominate are highlighted in gray. The region of strong 
confinement effects is highlighted in yellow. (center panel) schematic of a three-phase system – pore (gray), sorbed 
fluid (red), free fluid (blue); definition of excess adsorption is also shown where z is the pore diameter, (right panel) 
excess and absolute sorption based on APM of SANS measurements for the CO2-silica aerogel system at 35oC. 
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4. Alumina-methane-water interactions 
 Simulations, in particular molecular dynamics - MD (complemented by Monte Carlo and ab initio 
density functional theory, DFT), have become a routine tool to study the properties of bulk and confined 
fluids, including those of water, electrolytes, alkanes, and their mixtures. In Figure 3a we show a 
preliminary simulation snapshot for a fluid system composed of methane (yellow spheres) and water 
molecules (red and white spheres represent oxygen and hydrogen atoms, respectively) partitioned 
between a bulk region (enriched in methane) and a slit-shaped pore of width ~1 nm. Simulations were 
performed at 300K and 8-10 MPa for a mixture containing 50% methane molecules. The pore is obtained 
by two facing surfaces of hydroxylated α-Al2O3. Figure 3b shows an enlargement of the simulation snap 
shop revealing how the methane molecules trapped within the pore are preferentially found near the pore 
center, surrounded by water molecules. Changing the pore width to 1.5 nm and greater enhances the 
access of methane to the pore volume. 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 3. (a) Snap shot of methane and water imbibed in 1 nm slit pore of Al2O3. (b) Close-up of fluid distribution.  
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